Cerebral large arteries dilate actively around the lower limits of CBF autoregulation, mediated at least partly by nitric oxide, and maintain CBF during severe hypotension, We tested the hypothesis that this autoregulatory response of large arteries, as well as the response of arterioles, is altered in spon taneously hypertensive rats (SHR) and that the altered response reverts to normal during long-term antihypertensive treatment with cilazapril, an angiotensin-converting enzyme inhibitor. In anesthetized 6-to 7-month-old normotensive Wi star-Kyoto rats (WKY), 4-and 6-to 7-month-old SHR without antihyperten sive treatment, and 6-to 7-month-old SHR treated with cilaza pril for 10 weeks, local CBF to the brain stem was determined with laser-Doppler f10wmetry and diameters of the basilar ar tery and its branches were measured through a cranial window during stepwise hemorrhagic hypotension, The lower limit of CBF autoregulation shifted upward in untreated SHR to 90 to Autoregulation of CBF, an intrinsic ability to maintain constant cerebral perfusion in the face of blood pressure changes, is modified or disturbed by chronic hyperten sion in both forebrain and hindbrain circulations (Strandgaard et aI., 1973(Strandgaard et aI., , 1975 Jones et aI., 1976; Fu jishima and Omae, 1976; Barry et aI., 1982; Sadoshima and Heistad, 1983), The disturbance presumably results mainly from the attenuation of the autoregulatory re sponses of cerebral arterioles because of their morpho logic and functional alterations during chronic hyperten sion (Folkow et aI., 1970; Hazama et aI., 1978; Hart et aI., 1980; Mayhan et aI., 1987 Mayhan et aI., , 1988 Baumbach et aI., 1988), We have recently demonstrated that large arteries, such as the basilar artery, also dilate actively and con-
105 mm Hg from 30 to 45 mm Hg in WKY, and it reverted to 30 to 45 mm Hg in treated SHR. In response to severe hypo tension, the basilar artery dilated by 21 ± 6% (mean ± SD) of the baseline internal diameter in WKY The vasodilation was impaired in untreated SHR (10 ± 8% in 4-mo-old SHR and 4 ± 5% in 6-to 7-month-old SHR), and was restored to 22 ± 10% by treatment with cilazapril (P < 0,005), Dilator responses of branch arterioles to hypotension showed similar attenuation and recovery as that of the basilar artery, The data indicate that chronic hypertension impairs the autoregulatory dilation of the basilar artery as well as branch arterioles and that antihyper tensive treatment with cilazapril restores the diminished dila tion toward normaL Key Words: Antihypertensive treat ment-Basilar artery-Cerebral blood flow-Chronic hyper tension-Cilazapril, tribute to reductions in cerebrovascular resistance around the lower limits of CBF autoregulation, and thereby maintain CBF to the brain stem during severe hypoten sion (Toyoda et aI., 1996) . Chronic hypertension alters the structure and mechanics of cerebral large arteries as well as those of arterioles (Winquist and Bohr, 1983; Mayhan, 1990; Hajdu and Baumbach, 1994) . Thus, it is anticipated that the autoregulatory response of large ar teries is also attenuated during chronic hypertension. The first goal of this study was to determine the effect of chronic hypertension on autoregulatory responses of the basilar artery and its branch arterioles during acute hy potension in vivo.
Altered CBF autoregulation during chronic hyperten sion was restored to normal during antihypertensive treatment (Strandgaard, 1976; Hoffman et aI., 1982; Vor strup et aI., 1984) . Treatment also attenuated cerebral vascular hypertrophy (Folk ow et aI., 1971; Jbayashi et aI., 1986; Clozel et aI., 1989; Hajdu et aI., 1991) and preserved various endothelium-dependent and -indepen dent responses (Yang et aI., 1993; Takaba et aI., 1996) .
The second goal of this study was to examine whether long-term antihypertensive treatment with cilazapril, an angiotensin-converting enzyme (ACE) inhibitor, restores the diminished autoregulatory response of the basilar ar tery, as well as arterioles, to the normal level and recov ers CBF autoregulation in the brain stem circulation dur ing acute hypotension in vivo.
METHODS

Animal preparation
Experiments were performed in male Wistar-Kyoto rats (WKY, n = 6) and spontaneously hypertensive rats (SHR, n = 17) of the Izm strain (WKY /Izm, SHRllzm), obtained from the Disease Model Cooperative Research Association (Kyoto, Ja pan) (Nabika et aI., 1991) . At the age of 4 months, we per formed the experiment in five untreated SHR, and other SHR were randomly divided into two groups: a treated group that received ciJazapril (approximately 9 mg . kg-I·day-I) in the drinking water for 10 weeks (n = 6) and an untreated group that received tap water (n = 6). The WKY rats were allowed free access to tap water. All the rats were fed stock chow diet (Clea Japan Inc., Tokyo, Japan), which contains 0.3% (by weight) sodium, during observation periods. Systolic blood pressure was measured with the tail-cuff method at I-month intervals. Experiments were conducted when the rats were 6 to 7 months of age.
Rats were anesthetized intraperitoneally with 50 mg/kg amo barbital sodium, and were supplemented intravenously with this drug at a rate of approximately 15 to 20 mg . kg-I . hour-I. The depth of anesthesia was examined often by observing the effects of pressure to the paw on heart rate and blood pressure. The trachea was cannulated and each rat was mechanically ventilated with room air and supplemental oxygen after immo bilization with 5 to 10 mg/kg d-tubocurarine chloride. Catheters were placed in both femoral arteries, one for measuring sys temic arterial pressure, and the other for withdrawing blood to change systemic arterial pressure and for sampling of arterial blood. A femoral vein was cannulated for the infusion of drugs. Rectal temperature was maintained at 37°C with a heating pad.
A craniotomy was prepared over the ventral brain stem as previously described in detail (Faraci et aI., 1987; Fujii et aI., 1991a; Toyoda et aI., 1996 Toyoda et aI., , 1997a . Portions of the dura and pia mater and the arachnoid membrane were resected. The open cranial window was suffused with artificial CSF (NaCI, 132; KCI, 2.95; CaCI2, l.71; MgCI2> 0.65; NaHC03, 24.6; D glucose, 3.69; all in mmol/L), warmed to 37°C, and continu ously bubbled with a gas mixture of 5% CO2 and 95% N2. Suffusion rate of CSF using inlet and outlet ports over the exposed brain stem was 3.0 mLimin. In CSF sampled from the craniotomies, Peo2 was 37. 8 ± 2.7 mm Hg, P02 was 109 ± 8 mm Hg, and pH was 7.40 ± 0.04 (means ± SD). The internal diameters of the basilar artery, a large branch direct! y originat ing from the basilar artery with a baseline diameter �70 fLm, and a small one with a baseline diameter <70 fLm were mea sured in each rat using a microscope equipped with a television camera coupled to a video monitor and a width analyzer (C3161, Hamamatsu Photonics, Hamamatsu, Japan). The im ages were recorded on videotape for later analysis.
Cerebral blood flow to the ventral brain stem was measured by laser-Doppler flowmetry (ALF 21D Model, Advance Co. Ltd., Tokyo, Japan) equipped with a 550-fLm-diameter needle probe as described previously (Fujii et aI., 1991 b; Toyoda et aI., 1996 Toyoda et aI., , 1997a . Briefly, the probe was placed lateral to, but near, the basilar artery in the cranial window and advanced into J Cereb Blood Flow Metab, Vol. 18, No. 3, 1998 the CSF approximately 0.2 mm above the surface of the brain stem. We regarded laser-Doppler flowmetry outputs as arbi trary units and expressed changes in CBF as a percentage of the baseline CBF.
Experimental protocol
Responses of the basilar artery and branches to acetylcholine (10-6 and 10-5 mollL) and sodium nitroprusside (10-8 and 10-7 mollL) were examined in each group. Drugs were dissolved in artificial CSF and suffused over the craniotomy for 5 minutes. Vessel diameters were measured immediately before applica tion of each agonist and during the last minute of application.
Stepwise hypotension, approximately 15 mm Hg per step, was then induced by controlled withdrawal of blood through the femoral arterial cannula. We maintained MABP at each step for approximately 4 minutes and measured vessel diameter and CBF simultaneously during the last minute, because these pa rameters were usually stable during the last 2 minutes at each step.
Statistical analysis
Values are expressed as mean ± SD. One-way factorial analysis of variance was used for comparison of variables among groups. One-way repeated-measures analysis of vari ance was used for comparison of CBF within a group to de termine the lower limit of CBF autoregulation. Post hoc analy sis for significance was made with Fisher's protected least sig nificant difference test. A level of P < 0.05 was accepted as statistically significant.
RESULTS
Long-term treatment with cilazapril decreased systolic pressure in SHR to a level similar to that in WKY throughout the experimental period ( Fig. 1) , Values for arterial blood gases at rest and during hypotension were similar among the groups (Table 1) sodium nitroprusside (10-8 and 10-7 mol/L) did not dif fer among the groups (Table 2 ).
In 4-month-old untreated SHR, CBF was preserved during reduction of MABP from 174 ± 6 to 90 mm Hg, decreased significantly at 75 mm Hg (P < 0.05), and fell steeply thereafter (Fig. 2) . In 6-to 7-month-old untreated SHR, CBF was well maintained at MABP from 180 ± 7 to 105 mm Hg, and decreased significantly at 90 mm Hg (P < 0.05). In WKY and treated SHR, CBF was constant at MABP from ll5 ± 12 mm Hg and 106 ± 17 mm Hg, respectively, to 45 mm Hg, and decreased significantly at 30 mm Hg (P < 0.05). Thus, the lower limit of CBF autoregulation was 75 to 90 mn Hg in 4-month-old un treated SHR, 90 to 105 mm Hg in 6-to 7-month-old untreated SHR, and 30 to 45 mm Hg in WKY and treated SHR.
Internal diameter of the basilar artery increased by less than 10% during severe hypotension in 4-month-old un treated SHR, and was almost unchanged throughout hy potension in 6-to 7-month-old untreated SHR (Fig. 3) . In WKY and treated SHR, it increased steeply and ex ceeded the baseline diameter by 20% at 30 mm Hg.
Large and small branches dilated less than 20% of the baseline value during severe hypotension in 4-month-old untreated SHR, and less than 10% in 6-to 7-month-old untreated SHR, whereas they dilated more than 30% at 30 mm Hg in WKY and treated SHR. The maximum change in diameter of each vessel was significantly dif ferent between both untreated SHR (4-and 6-to 7month-old) and the other two groups (P < 0.005 in the basilar artery, P < 0.05 in the large branch, and P < 0.01 in the small branch; Fig. 4 ). Change in vessel diameter, % 10-6 mol/L acetylcholine 17.9 ± 11.1 2.3 ± 3.2* 4.4 ± 6.9* 12.0 ± 9.9 <.05 10-5 mollL acetylcholine 23.9 ± 11.2 7.0 ± 9.7*t 10.7 ± 6.8* 23.8 ± 11.2 <.05 10-8 mollL nitroprusside 4.2 ± 3.0 9.5 ± 10.5 6.6 ± 5.7 4.5 ± 4.0 >.1 10-7 mollL nitroprusside 26.2 ± 7.1 25.5 ± 16.5 37.9 ± 5.5 25. , 1996) .
Effects of hypertension on brain stem autoregulation
Cerebral blood flow autoregulation of the brain stem circulation, as well as the forebrain circulation, is altered by chronic hypertension (Sadoshima and Heistad, 1983) .
This study has also demonstrated that the dilator re in WKY (6-to 7-month-old, n = 6), un treated SHR (4-month-old, n = 5, 6-to 7-month-old, n = 6), and SHR treated with cilazapril (6-to 7-month-old, n = 6). Values are means ± SO. P < 0.005 among the four groups in the basilar artery, P < 0.05 in the large branch, and P < 0.01 in the small branch by one-way factorial analysis of variance. *P < 0.05, tP < 0.001 , versus WKY, :j:P < 0.05 §P < 0.005, lip < 0.001 , versus treated SHR by Fisher's protected least significant difference test.
Basilar artery cause, at least in part, the impairment of the autoregula tory vasodilation in this study.
The attenuated autoregulatory response of branch ar terioles does not seem to result from the inhibition of nitric oxide synthase by endothelial dysfunction (Toyoda et aI., 1997 h). Opening of ATP-sensitive potassium (K A TP) channels has been demonstrated to contribute to CBF autoregulation; topical application of gliben clamide, a K A TP channel blocker, disturbed the autoregu latory dilation of rat pial arterioles (Lee et aI., 1993; Hong et aI., 1994) . We recently reported that gliben clamide also disturbed dilator responses of brain stem arterioles and raised the lower limit of CBF autoregula tion in the brain stem (Toyoda et aI., 1997 c). Moreover, responses to opening of K A TP channels are disturbed in cerebral vessels during chronic hypertension (Kitazono et aI., 1993) . Thus, the impairment of the autoregulatory dilation of branch arterioles in SHR may result from the altered response to this channel. The production of a cyclooxygenase constrictor substance is another likely mechanism for the impairment of cerebral vasodilator responses in SHR (Mayhan et aI., 1988) .
Effects of antihypertensive treatment on brain stem autoregUlation
Cerebral blood flow autoregulation of SHR during hy potension was reported to be disturbed in animals as young as 3 to 4 months old (Hoffman et aI., 1981; Barry et aI., 1982) . The present study has demonstrated that autoregulatory vasodilation of different-sized vessels is also diminished in 4-month-old SHR. Moreover, treat ment with cilazapril does not merely prevent the aggra vation of brain stem autoregulation during chronic hy pertension but also restores the previously altered auto regulation toward normal.
Antihypertensive treatment with drugs other than ACE inhibitors also restored altered CBF autoregulation to ward normal (Strandgaard, 1976; Hoffman et aI., 1982;  , 1984) . Thus, we believe that recovery of dilator responses of brain stem vessels as well as brain stem blood flow autoregulation after treatment with cilazapril is produced, at least in part, by its effect on blood pressure. It is possible, however, that acute as well as chronic specific effects related to ACE inhibition may also explain our findings. Actually, acute intravenous administration of captopril, another ACE inhibitor, was reported to decrease to some extent the lower limit of CBF autoregulation in the forebrain circulation in SHR (Barry et aI., 1984; Waldemar, 1990 ), Thus, the lower limit of brain stem autoregulation may also shift down ward by acute administration of cilazapriI. In addition, it is suggested that chronic treatment with cilazapril but not hydralazine prevents vascular remodeling in stroke prone SHR (SHRSP) (Hajdu et aI., 1991) . AcetyIcholine induced relaxation of the isolated aorta is preserved in SHRSP treated with cilazapril but not with hydralazine (Clozel et aI., 1990) , We did not determine, however, to what extent the effect of cilazapril in this study was produced by its antihypertensive effect and by other spe cific effects related to ACE inhibition, In a future study, we plan to clarify mechanisms of changes in brain stem autoregulation by treatment with cilazapriI.
In any event, recovery of the dilator responses of both the basilar artery and branch arterioles during treatment with cilazapril does not seem to conflict with our previ ous findings that nitric oxide and K A TP channels are im portant modulators of autoregulatory responses of the brain stem vessels (Toyoda et aI., 1997h, 1997c , be cause treatment with cilazapril prevented the endothelial dysfunction (Clozel et aI., 1990; Yang et aI., 1993) as well as impaired response to a K A TP channel opener (Takaba et aI., 1996) .
In summary, chronic hypertension attenuated the au toregulatory responses of the brain stem artery and arte rioles, and antihypertensive treatment with cilazapril re stored them toward normal in vivo.
